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Abstract
In this experiment liquid water is subject to an inhomogeneous electric field (∇ ଶ 
Introduction
This experiment using a high voltage (20 kV) point plane electrode system was designed to better understand the interaction between water and high electric fields during the so-called "floating water bridge" experiment without electric current interfering. The floating water bridge is a special case of an electrohydrodynamic (EHD) liquid bridge. It forms when a high potential difference (kV cm -1 ) is applied between two beakers of water pulling water up to the edges of the beakers and forming a free hanging water string through air connecting the two beakers.
The discovery of this phenomenon dates to the late 19th century, when in 1893 Sir William
Armstrong first reported this experiment. 1 While the macroscopic EHD processes are well understood 2,3 microscopic dynamics still need more research.
The interaction of polar liquids with moderately strong fields (10 6 V m -1 ) has been studied extensively within the field of electrohydrodynamics and are commonly employed in the production of molecular beams 4, 5 , inkjet printing 6 , electrospinning 7 , and desalination. 8 EHD liquid bridges have recently provided unique insights into the non-equilibrium molecular physics of polar liquids such as water because they are both large and stable enough to use with experiments that access the molecular length scale but require a macroscopic sample volumee.g. radiation scattering [9] [10] [11] [12] [13] , and spectroscopy. 14, 15 A previous Raman study on vertical EHD bridges found a small fraction of molecules in the bridge are polarized, 16 presumably in association with charge carriers, which in the case of water are predominantly solvated protons. 17 The typical current measured in bridges, whether driven by direct or alternating fields, is on the order of a few milli-Amperes. Another characteristic of EHD bridges is the presence of strong inhomogeneous electric field gradients (∇ ଶ ‫ܧ‬ ≈ 10 ଵ ܸ ݉ ଶ ⁄ ) where the bulk liquid transitions to the bridge. 18, 19 It is interesting to consider what effect such a field gradient alone, without the presence of solvated charge carriers, may have on molecular polarization. It is noteworthy that bridges are only stable in the presence of the field, as soon as the field is switched off, the floating liquid bridge ruptures under the influence of surface forces and gravity -the electric field is an essential stabilizing force.
Dielectric relaxation in polar liquids can exhibit marked deviations from theoretical expectations. This is often attributed to microscopic polarization dynamics and molecular coupling interactions. 20 The study of dielectric relaxation is typically conducted as a bulk measurement over frequencies from mHz to GHz. Advances in optical spectroscopy have extended the range of this technique to the THz, though all optical interactions with matter depend upon the interaction of the time varying electric field and the electrical response in the material (i.e.
refractive index). The applied electric field is typically that supplied by the probing radiation. At low frequencies an offset or bias voltage can also be applied typically in the range of a few tens of volts but can range up to a few kV. For a typical dielectric spectroscopy the applied field is on the order of 10 -5 V nm -1 . Experimentally, the electric field is assumed to approach the homogeneous limit as electrodes, and probes are designed to minimize the fringing field. 21 In case of molecular probes the number density is kept low enough that the solution may be considered in the isotropic limit. 22 Dielectric breakdown depends on the dielectric properties of the material as well as the parameters of the electric field. At present the engineering of high power electrical systems must rely upon empirical design rules and safety margins to avert such Further developing the theoretical framework of non-equilibrium dielectric processes can improve our understanding of biological and natural systems. The dielectric response of water, aqueous solutions, and biochemical machinery is critical to the functioning of cellular processes. 25 Electric fields are a hallmark of living systems 26 and like those found in the environment 27,28 they are typically inhomogeneous again with field strengths on the order of 10
). Thus in order to better understand the connection between dielectric processes, the molecular environment, and inhomogeneous electric fields interferometry and infrared Raman spectroscopy were combined to interrogate the response of water in a pointplane electrode system.
Experimental
General experimental construction
The inhomogeneous electric field was produced using a point-plane electrode geometry and is illustrated in figure 1, 
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electrode had nearly the same dimensions (9.5 mm x 50 mm x 2.6 mm) as the bottom of the cuvette. A stainless steel acupuncture needle (SJ.25x40, 40 mm x 0.25 mm, Seirin Corp., Shizuoka, Japan) was used to form the point electrode and connected to the ground terminal of the high voltage source. The electrode was affixed to a rigid insulating armature constructed from polypropylene. The needle was bent at a right angle ~5 mm beyond the handle in a manner so as to prevent the electrode from blocking the incident laser beam. For each experiment the electric potential was set to 20 kV and applied as a step function. During operation a small leakage current <10 µA could be measured and was presumably due to corona discharge. The electric field for this configuration was modeled using COMSOL Multiphysics (v. 5.0 Comsol, Inc., Stockholm, Sweden) and is shown in figure 1b-c.
Twenty milliliters (20 mL) of water were used for each measurement. This brought the liquid surface to a height of 40mm from the bottom of the cuvette and to within 1mm from the tip of the needle. The water for the interferometric investigations was kept in borosilicate glass bottles heated in a water bath to 70°C and transferred to the unheated cuvette just prior to energizing the experiment and the water replaced for every new measurement. The elevated temperature enhanced the polarization response of water and the resulting relative shift in refractive index meant changes were better resolved by the interferometer. Raman measurements were conducted using room temperature water (20±1°C). Temperature was measured during the experiments using a fiber optic probe (OTG-F, ProSens, OpSens Inc., Quebec, Canada) which could be placed at several locations in the experiment including directly beneath the point electrode. The sensor system spectroscopically monitors the band gap energy of a GaAs crystal to measure temperature and as such is not affected by the applied electric field nor any field induced changes in the sample. This probe has a maximum resolution of 0.01°C and readout speed up to one kHZ repetition rate. During interferometric measurement the most significant response was observed in less than 10 seconds so the overall temperature change in the liquid was negligible relative to the field effect.
Interferometry
A Mach-Zehnder interferometer was constructed with 2 meter base length and is diagramed in figure 2 . The source laser was a frequency stabilized continuous wave single-line mode diode laser (DL640-050-S, P=50mW, λ=635±2 nm, 1.1 mm Gaussian beam diameter, 1 mrad divergence, Crystalaser, NV, USA) with built in optical isolator and polarization ratio 100:1, a half wave plate was positioned to rotate the polarization direction in the interferometer. The beam was spatially filtered using a 20x microscope objective and 5µm pinhole, subsequently over expanded with a biconcave lens and finally collimated using a large diameter plano-convex lens. The over-expanded beam was blocked with a square aperture placed at the entry port of the first beam splitter cube. This assured that the most central portion of the Gaussian beam filled the full aperture and provided good uniformity of illumination throughout the test subject.
The mirrors in the interferometer section were inclined slightly to produce a carrier fringe system that allowed the disambiguation of the phase shift in the recovered interferograms. The cuvette test section was position in the interferometer in direct view of the recording camera (Photron FASTCAM SA1.1) fitted with an 18-270 mm, F/3.5-6.3 zoom lens (Cat. No. B008,Tamron, NY, USA). Images were collected at 50 frames per second full frame resolution (1024x1024 pixels).
The recorded images were evaluated using IDEA software (http://optics.tugraz.at/) using a fast Fourier transform (FFT) based digital fringe evaluation. 29 For the interferometry studies the timeresolved response of the sample was recorded as the voltage was applied according to a rectangular step function. The voltage profile was to step between 0 and 20 kV with a rising edge <500 ms, a stable plateau between 10 -60 seconds and a falling edge which fully discharged the experiment back to ground potential in under 2 s. 
Mid-Infrared Raman Imaging Spectroscopy
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The mid-infrared (mid-IR) vibrational modes of water are Raman active and can be accessed using visible lasers of high power which have better penetration depth than direct mid-IR spectroscopy. This is ideal for probing the spatial variation in the vibrational modes of water under electrical stress. The cuvette point-plane electrode system previously described was arranged as shown in figure 3 . A collimated and polarization controlled beam from an argon ion laser (Innova 6W Ar+, P=400mW, 514.5 nm, 1.5 mm beam diameter, 0.5 mrad divergence, Coherent, USA) was guided into the cuvette either perpendicular or parallel to the liquid surface.
The beam delivery optics provide a very uniform and tight focus over several centimeters, given the beam characteristics stated above, the focal spot size is 150 µm and the confocal parameter is 58.89 mm which is broader than the entire sample cuvette. Thus it is assured that within the interrogated spectral imaging region the illumination power and beam shape are uniform. , note unit is in terms of propagation distance and not wavenumbers.
The incident electric field polarization (E 0 ) of the laser beam was controlled by a zero-order half wave plate. When the beam was parallel to the liquid surface E 0 was also parallel to the central axis of the applied static electric field gradient (E a ) imposed by the needle electrode. When E 0 was perpendicular to the liquid surface it was also perpendicular to E a . In order to maintain the imaging condition the entrance slit and laser beam direction were kept parallel. This effectively meant turning the spectrograph on its side when the beam was parallel to the liquid surface.
This also reduced systematic error due to polarization dependent differences in the dispersion efficiency of the spectrograph gratings as the relative orientation of the grating rulings and E 0 was maintained throughout the experiments. There are a number of electric field vectors to keep , Acton, NJ, USA). Prior to the vertical entrance slit the light passed through a linear polarizing filter that could be rotated so the transmitted electric field vector was either parallel or perpendicular to the normal of the electric field gradient. The monochromator produced spectrally dispersed light which was imaged using a cooled, intensified CCD camera (NanoStar, LaVision, Göttingen, Germany). The integration time for each collected frame was 100 milliseconds with an intensifier gain of 50. For each experimental configuration 50 frames were collected and summed together. Each frame contained 512 spectra with 640 spectral points each. The sum of the background intensity images recorded with the entrance slit blocked was subsequently subtracted from the experimental images. This effectively removed signal contributions due to thermal, electronic readout, and shot noise and improved the resulting image contrast. All image recording and post-processing was carried out using Lavision DaVis 7.2.1.64 software (Lavision, Göttingen, Germany). The applied electric field intensity was either zero or 20 kV. Voltage was again applied as a step function however, now the system was allowed to equilibrate for at least one minute prior to recording spectra.
Results and Discussion
Interferometry
In an interferometer the light path is split at the first beam splitter into a reference and test arm, the latter passes through the test section, in this case the cuvette, before both beams are recombined in the second beam splitter. The light passing through the test section suffers a phase lag which is dependent upon the refractive index of the material. Depending upon the phase lag the light will interfere constructively or destructively and creates bright and dark bands or interference fringes. The measurement is line-of-sight, meaning that it is only sensitive to light whose propagation direction (i.e. pointing vector) is towards the detector, off axis or scattered radiation is not detected, and the phase lag is integrated over the path in the cuvette. This makes interferometry quite sensitive to local perturbations in the complex dielectric permittivity subsequently appears to have a normal number density. This low density band feature is slow to develop and only becomes pronounced several seconds after the field is activated.
The low density band is interrupted in the immediate vicinity of the needle electrode. Here we see that within a very short time (<1 sec) after the field is switched on, a higher refractive index (density) region develops, quite diffuse at first and steadily becoming more pronounced and localized close to the point electrode. The density continues to increase and the region affected shrinks in size until this more dense fluid begins to sink and forms a downward moving jet of liquid. It is a natural assumption to think that this liquid must be denser because it is colder, and indeed this is the case. When the fiber optic temperature probe was placed into the liquid beneath the needle a temperature difference of ~1°C was measured. It is interesting to note that moving the probe further away from the needle did not recover any areas were the water was warmer as one might think to be the case for the band of apparently less dense water just below the surface. So it appears that while temperature does play a role in the phenomenon it is not the only parameter being affected by the field.
It should be noted that the change in the electric field plays a role in the observations. Switching the electric field on or off yields the most dramatic response and with regards to the jets the change in electric field state (i.e. on or off) elicits the same response. In the steady state, the dynamics are far more irregular with jets coming and going, and is likely due to instabilities in the system caused by temperature driven dynamics or ionic wind along the surface. There is a clear difference, however, between the jets which form during a change in the field and those that are present during steady state conditions. The later tend to move slowly back and forth along the surface at a rate of ~0.2 -0.5 mm/s whereas the jets produced by the voltage step form directly below the needle and do not drift along the surface but rather propagate downward ~0.8 mm/s and dissipate within 10 seconds. Additionally, the jets present during steady state conditions have a weaker effect on the optical phase rarely exceeding +3π radians compared the +6π radians shift when the field change is applied.
Mid-Infrared Raman Imaging -polarizability and extinction ratio
In a similar manner to interferometry Raman spectroscopy also probes the electric polarization of molecules -the difference is in the spatial resolution. Unlike the macroscopic refractive index interrogated by interferometry the Raman bands are a probe of the molecular transition dipole population distribution in the focal region of the laser beam. Water is non-centrosymmetric (C 2V group) and thus does not obey the rule of mutual exclusion, thus many vibrational bands will be both Raman and IR active, however only those modes which strongly affect the quadratic molecular polarizability and whose transform is symmetric will contribute to the measured Raman spectrum. The connection between the vibrational line shape and molecular environment which make up these bands is an ongoing effort 30, 31 and like most spectral features in condensed matter is obscured by inhomogeneous broadening 32, 33 . The vibrational ) and the small shoulder on the blue-side of the distribution at 3650 cm -1 has been shown through computer simulation using experimental data as fit to belong to free oscillators which behave as singleparticles. 37 The lifetime of such free particles is considered to be quite short lived.
The polarized Raman spectrum is obtained when the analyzer and incident electric field are aligned. Similarly when the analyzer is rotated perpendicular to E 0 the anisotropic depolarized spectrum is recorded. The isotropic spectrum can be recovered from the measured spectra via:
Whereas, the anisotropic spectrum is contained entirely in the depolarized spectrum ‫ܫ‬ ு ሺ߱ሻ.
The Raman active bands in water can be attributed to a number of physical quantities, fundamental to all is the electric polarizability of the molecule which is probed directly by the electric field of the off-resonant incident linearly polarized pump radiation. The decay of the induced transition dipoles results in a frequency shifted Raman emission which contains contributions from the isotropic and anisotropic polarizabilities.
Three experimental variables in addition to the scattering polarization were examined:
1) needle position relative to the water surface 2) laser beam orientation relative to the liquids surface, and
3) the applied DC electric field either on or off.
The isotropic Raman spectra for each of the experimental configurations are shown in figure 5 and reveal small changes in intensity when voltage is applied. Each of the 25,600 single spectra are background subtracted, summed and then intensity normalized; providing the cumulative polarizability response of water to steady state electric field. When (5a) the needle is in air ~2 mm above the liquid surface and the laser beam parallel the least amount of change in the spectrum is observed. When the needle is subsequently submerged 4 mm below the liquid surface (5b) so that the laser beam is now probing the area 1 mm deeper than the needle the intensity increases most. Submerging the needle further (5c) to a depth of 6 mm -1 mm deeper than the laser beam -reduces the scattering intensity of the central frequencies. This contrasts the response when the laser beam is perpendicular to the liquid surface (5d) and the needle is submerged 4 mm now there is no observable change in the central frequencies but rather enhancement in both wings of the isotropic spectrum as a result of the applied voltage.
In order to recover changes in the frequency distributions of the probed chromophores in response to the applied field, the absolute difference spectrum (grey solid line) was calculated and plotted on the second y-axis in figure 5a-5d. . In both panels (5a) and (5c) the shape is similar and is what would be expected given a small shift in temperature 38 . The peak frequency of the difference spectrum shifts more towards the blue side (5a) when the needle is in the air indicative of heating, whereas the red shift when the needle is submerged (5c) fits in the case of cooling. The spectral shape of (5b) and (5d) have a bimodal distribution although (5b) is much narrower than (5d). These spectra are obtained from areas where the grad E a is the strongest.
In the case of E 0 parallel to E a (E 0 ∥ E a , 5b) the residual difference resembles a superposition of those from (5a) and (5c). Whereas when E 0 perpendicular to E a (E 0 ⊥ E a , 5d) there is a clear enhancement in both the red and blue wings of the spectrum. This situation is perplexing as it would appear to indicate that competing energy modes -cooperative and single particle vibrational relaxation -are enhanced rather than the expected behavior where the population density shifts from one mode to the other. This indicates a departure of the system from the ground equilibrium state.
In order to better ascertain the positional (and field) dependency of these observed changes the spectral imaging maps are examined in figure 6 where E 0 ∥ E a and figure 7 where E 0 ⊥ E a . The maps are the average of 50 images filtered using an asymmetric, 2D, third order, SavitzkyGolay filter to reduce spurious noise and intensity fluctuations between adjacent spectra. The resulting maps without applied voltage are then subtracted from those with voltage for both the isotropic and anisotropic polarizability tensor and are displayed in the panels right and left, respectively, of center. The resulting maps provide an image of the difference in the molecular polarizability density of states caused by E a . The displayed orientation of the maps matches that of the laser beam (and entrance slit) so that in figure 6 distance is plotted along the abscissa whereas in figure 7 it is plotted along the ordinate. This is done to reduce confusion regarding The isotropic polarizability is much stronger than the anisotropic and it is thus better suited for observing changes due to polarization. When the needle is in air (position I) the blue side of the spectrum shows strong enhancement similar to what is found in figure 5a and this is again strongest nearest the needle where the field density is highest. The blue curve shows a bimodal distribution enhancement furthest from the intense field. Submerging the needle has an exceptionally strong effect on the isotropic spectrum when the beam is just below the needle (position II). This is the area where the magnitude of E a is the greatest and the effects of local refractive index change may play a non-trivial role in the resulting spectral maps. Indeed the intensity is found to fall off quite quickly once the beam passes the needle's position. Potentially trivial causes of the observed spatial changes in the recovered intensity can be ascribed to either the deflection of the beam due to local refractive index changes associated with the cold jets or geometric misalignment. There is an additional influence to consider from our experience cross-talk between the two polarization directions is possible whenever signal reflections on boundaries or reflecting surfaces are observed. This will lead to asymmetries in the Raman spectra. Since that is not the case here another possibility is that the refractive index change acts as a diffusing lens diminishing the light intensity beam downwards and shifts the image.
However, it is expected that such changes in scattering due to the propagation of the pump radiation would also be observed in the anisotropic spectrum ( Fig. 6 left panels) which it is not.
Additionally, the absorption cross section and expected scattering losses over the mm length scale are considered too small to play any significant role. The overall enhancement of intensity is strongest before reaching the needle and is more than 4x stronger than in the case of position field. An estimate of population size, taken from the integrated intensity values, that is affected by the field shows this number to be quite small ~1% of the probe volume which is corresponds to approximately 7 x10 16 oscillators.
The influence of temperature on the Raman spectra of water in the presence of inhomogeneous electric field gradients bears further investigation, however, direct measurement of the region directly beneath the needle using the fiber optic temperature probe found the temperature decreased ~0.3°C when the inhomogeneous field was applied to 20°C water.
In summary, the applied inhomogeneous electric field redistributes the vibrational population of ambient water. The effect is dependent upon the magnitude of the field gradient. The polarization response tends toward a bimodal distribution where the gradient is strongest.
Where the field is weaker temperature effects become apparent in the spectra. This is consistent with the anatomy of the flow dynamics observed from interferometry. A locally focused region of cooler liquid confined below the needle electrode moves downward and dissipates several tens of mm below the surface.
The effect of exciting a delocalized vibrational state
Auer and Skinner 39 examined the source of the collective modes which give rise to the band at 3250 cm -1 and found this oscillator frequency is due to the delocalization of excitation energy over as many as 12 chromophores (i.e. individual vibrational oscillators). Later research also with Skinner's group 32 extended this finding to be the result of the "delicate quantum interference effects" driven by local excited states which spatially extend the eigenstates and thus redistribute vibrational energy within the total population. In other words a small number of local excitations can reshape the frequency distribution of the oscillators. These excitations are not stationary and evolve in the motional limit of the liquid. An extended or coherent oscillator population will be observed as an intensity increase relative to the normal total population size.
Such an increase is observed in the fluid volume where the inhomogeneous field gradient is strongest -that is, closest to the needle. It is reasonable to consider that this population is the direct result of dielectric polarization. The polarization of the water establishes a dielectric permittivity gradient which further focuses the electric field by the action of dielectric saturation 40 whereby the effective electric field strength is increased due to space charge effects induced by the dielectric medium. 41, 42 The observed changes in the Raman cross section (Fig. 7) are reflective of the development of this space charge and can be thought to be similar to the onset of charge density wave effects observed in solid state materials 43, 44 . The strong degenerate nature of the OH stretch transition frequencies in water means that the vibrational coupling in water is exceptionally strong. 37 This strongly mixed nature of inter-and intra-molecular vibrations in liquid water limits the use of traditional relaxation models when attempting to derive a molecular level interpretation of the resulting shifts in the Raman spectra 45 .
Regardless of such limitations, the observed Raman spectra show enhanced intensities under 
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which also affects other properties such as the collective or localized character of the vibrational modes, i.e. the distribution of vibrational motion over adjacent molecules 47, 48 . The Polarization of water due to preferential orientation, as well electronic polarization within the molecules within the applied fields employed in this work, are likely responsible for the local changes in the observed vibrational spectra. Modified hydrogen bonding motifs in water with preferentially aligned water molecules are expected to alter vibrational frequencies, while electronic polarization effects will modulate the observed intensities. The stability of local hydrogen bonding motifs has been found to be susceptible to a polarized electric field 49, 50 however, the applied field strengths are three orders of magnitude greater than those employed in this work.
In addition the expected preferential molecular orientations appear to be quite weak as evident from 2D neutron diffraction studies of EHD liquid bridges. 11 Thus, we consider that the field gradient rather than the total field magnitude is responsible for the observed changes in the Raman cross-section. The gradient produces a local distortion in the molecular polarizability strong enough that previously forbidden 51 or higher energy transitions become accessible 52 . The emergence of a proton channel and the stable generation of a delocalized proton state in the water molecule previously observed in EHD liquid bridges 15, 53 , again become viable mechanisms whereby a physical body couples to and anchors the collective vibrational mode 54 .
A small excited state population is stabilized against thermal perturbation because the field gradient introduces an asymmetric polarization of molecular dipoles which establishes a unidirectional heat flow. By the mechanisms discussed above it is expected that once this population reaches a threshold density the delocalized collective oscillations overlap and this will change the overall dynamic structure of the liquid. Hydrogen bonding will be reinforced as those molecular dipoles that lie along the field gradient lines will be pinned. The population size of pinned molecules is relative to the local temperature and the magnitude of the field gradient.
These pinned molecules will anchor hindered rovibrational motions (i.e. librations) which retard the thermalization of absorbed vibrational energy to the hydrogen bond (HB) network or of surrounding molecules or bath. The spectral signature for such the OH librational mode of water at 2560cm -1 has been observed in floating water bridges with an intensity above the thermal blackbody radiation distribution. 15 This type of non-equilibrium population will similarly alter the physical properties of the liquid and increase the enthalpy due to the retardation of energy dissipation in the network. The trapping of energy in local modes would increase the number of oscillators at 3490 cm -1 and this is seen in the Raman spectra nearest the needle. The observation that the temperature decreases slightly but the local energy increases now becomes understandable. Furthermore, the local entropy will also be affected in such a way as to promote local ordering which further reinforces the fine quantum coupling responsible for the collective mode further extending the coherence length of local vibrational states.
Ultrafast vibrational spectroscopy floating water bridges 55 supports this view of an excited molecular population with enhanced collective modes. The vibrational lifetime for the OH stretch of HDO in the bridge at 25 °C (630±50 fs) lies between the lifetimes found in bulk water at 0 °C (630±50 fs) and ice Ih at 0 °C (483±16 fs) 56 indicating that intermolecular coupling is enhanced.
The dissipation of the absorbed energy to the bath however, is six fold slower in the bridge than bulk HDO:D 2 O. Taking these relaxation times with respect to the thermodynamic limit we find that the enthalpy of water in the floating water bridge is increased while the local entropy is decreased. This fits with the model discussed above and is further supported by the Raman spectra presented here.
In contrast with electrically driven equilibrium phase transitions reported and discussed elsewhere in the literature, [57] [58] [59] the behavior elucidated here is best understood as the emergence of metaproperties dependent upon an excited state. The inhomogeneous field gradient holds the liquid in a steady-state far from equilibrium with the environment. If the field is extinguished the population collapses as is expected for dissipative structures that obey non-equilibrium thermodynamics and exhibit non-reversible behavior. 60, 61 The generation of a vibrationally coupled "pinned" molecular population is a non-adiabatic process, there is heat flow in order to balance entropy production; changing the bath entropy which will affect the flow of heat into or out of the region. This is essentially a thermoelectric effect governed by the Onsager reciprocal relations and which is responsible for establishing the electro-convective flow 40,62 observed here interferometrically. There exists a reciprocal relationship between electric and thermal field gradients in water 63, 64 and thus the presence of one will establish the other and in a sense provide a stabilizing influence. Mass transport out of the locally polarized region, driven both by the gradients in density and chemical potential is further accelerated by electrokinetic forces arising at interfaces in the system. 65 In addition to the air-water interface an internal dynamical surface is also present. This surface is defined by how far the electric field gradient extends in the liquids with a magnitude greater than the dissipative energies of the bulk which are proportional to both the temperature and any shear forces present. The de-excitation of molecules is thus driven by electroconvective transport which depletes the population and establishes an upper bound on the size. It is expected that this would be a materially dependent feature and different polar liquids should exhibit differences in this behavior.
Implications of an extended vibrational energy mode
From the observations we find evidence to suggest that in liquid water an electric field gradient which is sufficiently steep to polarize the molecular dipoles and to affect the electronic and protonic distributions is also sufficient to cause the decoupling of local and collective vibrational modes over length scales greater than immediate nearest neighbors. This finding shows an inherent ability of liquid water to support vibrational demixing at the mesoscale. 66 Such behavior has already been noted for the mechanism of ultrafast energy relaxation whereby the local excited intramolecular vibrational modes rapidly couple to intermolecular vibrational and bending modes. 34, 45 The energy transfer proceeds as the excitation traverses configurations with ever lower energy level until finally the absorbed perturbation becomes trapped in a strongly hydrogen bonded trap. 45 The important distinction is that the relaxation pathway in water is one which utilizes the strong interaction of the hydrogen bond, which in the case of the experiments presented here exhibit enhanced polarization 67, 68 . When one expands the number of molecules involved in the relaxation process a length scale emerges whereby the local and collective modes can effectively decouple from each other -the mesoscale 24, 69, 70 . In the presence of the field gradient this decoupling is enhanced and essentially results in transiently isolated molecular populations within the liquid. Given that such electric field gradients as those found here have also been observed in a number of natural systems, e.g. cells 26 , clay 
Conclusions
The thermoelectric effect is observed in water using interferometry and mid-IR Raman spectroscopy. While the interferometry data reveals macroscopic changes in the polarizability of the liquid that occur alongside changes in other observables such as density and temperature, the spectroscopic information reveals unexpected changes at the microscale. The vibrational relaxation of water molecules is strongly governed by intermolecular interactions and these interactions do correlate with temperature, however, the expected behavior is not observed in the case where a strong inhomogeneous electric field gradient is present. Rather, the difference in Raman scattering spectra collected with and without field gradient show enhancement of collective vibrational modes as well as an increase in total system energy. This indicates the emergence of a bimodal distribution in the transient dipole population stabilized against thermal equilibrium by the inhomogeneous electric field. This has the effect of inducing directionality in the flow of heat through the system and establishes the microscopic origin for electrohydrodynamic flow. The anisotropic map (left) and isotropic map (right) have different intensity scales. Three equal area segments from the maps are binned together, according to the color overlay on the ordinate, and give the extracted spectra shown in the line plots. Red curves are the shallowest and closest to the needle, blue the deepest and furthest from the electrode.
